Introduction
============

Malignant melanoma therapy has undergone a revolution in the last several years. It is now well established that \~40%--50% of all melanomas have a serine--threonine protein kinase B-RAF (BRAF) mutation.[@b1-ott-11-9081]--[@b3-ott-11-9081] The most commonly observed BRAF mutations are due to single nucleotide substitutions of glutamic acid. Over 90% are due to glutamic acid for valine (BRAFV600E).[@b2-ott-11-9081] The second most common mutation is BRAFV600K, lysine for valine, representinĝ5%--6% of the mutations. Other rarely observed mutations include BRAFV600D, V600R, or even two-nucleotide variations.[@b2-ott-11-9081],[@b4-ott-11-9081] RAS mutations were also identified in melanoma cells. NRAS mutations are found in approximately 15% of all melanomas at diagnosis and in most cases are mutually exclusive with BRAF mutations.[@b1-ott-11-9081],[@b5-ott-11-9081],[@b6-ott-11-9081] Both NRAS and BRAF mutations cause unchecked activation of the MAP kinase signal transduction pathway (RAS-RAF-MEK-ERK), leading to unregulated growth of tumor cells.[@b1-ott-11-9081],[@b5-ott-11-9081],[@b7-ott-11-9081] Understanding of this pathway has led to the identification of specific targets for therapy.

Development of BRAF inhibitors
==============================

With the discovery of BRAF mutations in 2002,[@b1-ott-11-9081] the first approved second-generation mutant BRAF-specific inhibitors were created using scaffold-based crystallography.[@b8-ott-11-9081],[@b9-ott-11-9081] This compound, vemurafenib (Zelboraf^®^, PLX4032; Plexxikon, Berkeley, CA, USA), was approved in 2011 for the treatment of BRAFV600E metastatic melanoma. The Phase III BRIM3 trial compared vemurafenib and dacarbazine ([Table 1](#t1-ott-11-9081){ref-type="table"}).[@b10-ott-11-9081] The objective response rate for vemurafenib was 48% (95% CI: 42--55) compared to 5% (95% CI: 3--9) for dacarbazine (*P*\<0.001). Median progression-free survival (PFS) was 5.3 months vs 1.6 months (HR 0.26, 95% CI: 0.20--0.33). The RR reduction for death or disease progression was 74% for vemurafenib compared to dacarbazine.[@b10-ott-11-9081],[@b11-ott-11-9081] The next second-generation BRAF inhibitor was dabrafenib (Tafinlar^®^, GSK2118436; GlaxoSmithKline plc, London, UK), approved in 2013 for the treatment of both V600E/K-mutated melanomas.[@b3-ott-11-9081] Dabrafenib was similarly compared to dacarbazine in a Phase III trial that again confirmed the superiority of BRAF inhibitor treatment compared to chemotherapy.[@b12-ott-11-9081] Median PFS was 5.1 months for dabrafenib vs 2.7 months for dacarbazine (HR 0.30, 95% CI: 0.18--0.51; *P*\<0.0001), and overall response rate (ORR) was 50% vs 3%.[@b3-ott-11-9081],[@b12-ott-11-9081]

Despite the revolution in melanoma treatment with the discovery of BRAF inhibitors, the early aggressive response to therapy is tempered by rapid development of treatment resistance within 6--8 months.[@b13-ott-11-9081]--[@b15-ott-11-9081] Several mechanisms of treatment resistance have been identified, but the most common mechanism is via reactivation of the MAPK pathway, termed paradoxical MAPK-pathway activation.[@b3-ott-11-9081],[@b11-ott-11-9081],[@b13-ott-11-9081] While BRAF remains inhibited, other RAF proteins CRAF and ARAF can then replace BRAF and continue MAPK pathway hyperactivation.[@b3-ott-11-9081],[@b13-ott-11-9081],[@b16-ott-11-9081] Constitutive activation of ERK ultimately leads to unregulated cell growth.[@b14-ott-11-9081] Another consequence of paradoxical reactivation is the development of cutaneous squamous cell carcinoma (cSCC) and keratoacanthomas as an adverse reaction BRAF inhibitor therapy.[@b3-ott-11-9081],[@b15-ott-11-9081] Approximately 14%--26% of the patients treated with vemurafenib or dabrafenib developed these secondary skin cancers.[@b3-ott-11-9081] While a full discussion of BRAF inhibitor resistance is outside the scope of this review, the mechanism of resistance is an important characteristic of the newest BRAF inhibitor to be discussed next.

Encorafenib
-----------

Encorafenib (Braftovi™, LGX818; Array BioPharma, Boulder, CO, USA) is a selective, ATP-competitive BRAF inhibitor for BRAFV600-mutated cells.[@b2-ott-11-9081],[@b15-ott-11-9081],[@b17-ott-11-9081] It is the newest second generation of BRAF inhibitors and was recently FDA approved in advanced melanoma. Encorafenib is administered orally with 85% bioavailability, reaching maximum post-dose concentration in 2 hours with a 6-hour half-life. Food intake delays absorption of the medication but does not alter overall absorption. It is metabolized by cytochrome 450 enzymes (CYP3A4, CYP2C19, and CYP2D6) and 20 unique metabolites have been identified, which are excreted equally in urine and feces. Two percentage and 5% of the absorbed medication is excreted unchanged in urine and feces, respectively.[@b18-ott-11-9081]

The most significant difference between encorafenib and the other second-generation BRAF inhibitors is its increased dissociation half-life of 30 hours, compared to dabrafenib (2 hours) and vemurafenib (0.5 hours).[@b15-ott-11-9081],[@b18-ott-11-9081] This means that encorafenib will maintain its inhibitory effect longer than the other BRAF inhibitors with a shorter off-rate, leading to decreased off-effect adverse events (AEs) and prolonged inhibition.[@b3-ott-11-9081] To confirm the long dissociation time, the inhibitory effect of encorafenib was indirectly investigated by measuring effective concentration (EC50) of phosphorylated ERK (pERK). These experiments showed a twofold change in pERK EC50 following washout, as compared to a 14 and 23-fold shift for dabrafenib and vemurafenib, respectively.[@b15-ott-11-9081] Encorafenib also demonstrates higher potency with a half-maximal inhibitory concentration (IC50) of \<40 nmol/L, compared to the higher IC50s of dabrafenib (\<100 nmol/L) and vemurafenib (\<1 µmol/L). The prolonged dissociation half-life and potency may translate into prolonged therapeutic effect with less toxicity. In addition to higher potency, encorafenib is also a highly specific BRAF inhibitor, only demonstrating inhibition against one kinase other than mutated and wild-type BRAF out of a panel of 99 different kinases.[@b15-ott-11-9081],[@b18-ott-11-9081]

Delord et al[@b15-ott-11-9081] performed a randomized Phase I dose-escalation and expansion trial of encorafenib that demonstrated effective tumor growth inhibition in murine models at doses as low as 5 mg/kg twice a day (BID). Doses of 20 mg/kg are necessary to prevent the development of drug resistance, demonstrating dose dependence. The maximum tolerated dose (MTD) was defined as 450 mg once daily, but the recommended Phase II dose was 300 mg due to frequent dose-limiting toxicities. In BRAF inhibitor-naïve patients, the ORR was 60% and median PFS was 12.4 months (n=18; 95% CI: 7.4 -- not reached). In BRAF inhibitor pretreated patients, the ORR and median PFS were 22% and 1.9 months (95% CI: 0.9--3.7).[@b15-ott-11-9081] In Phase I trials, all 54 patients experienced at least one adverse effect. Thirty-eight of these patients (70.4%) experienced serious grade ≥3 adverse effects. The most common adverse effects were palmar-plantar erythrodysesthesia (PPED), hyperkeratosis, arthralgia, nausea, and pruritis. Of all, 9.3% (5/54) of the patients experienced adverse effects that led to discontinuation of treatment (PPED, headache, hyperkeratosis, and neuralgia). Transient Bell's palsy was reported in 8% of the patients, but it has rarely been reported in association with other BRAF inhibitors.[@b15-ott-11-9081] Only one instance of squamous cell carcinoma (3%--4% of the patients) was observed in the dose-expansion phase, which is lower than the observed rates with vemurafenib or dabrafenib therapy. Keratoacanthomas were not observed.[@b15-ott-11-9081],[@b19-ott-11-9081],[@b20-ott-11-9081]

As discussed earlier, monotherapy with BRAF inhibitors is known to induce neoplasia, most commonly cSCC[@b21-ott-11-9081] at rates of 22%, 6%, 2.7% with vemurafenib, dabrafenib, and encorafenib treatments, respectively, due to paradoxical reactivation of the MAPK pathway with BRAF inhibition.[@b22-ott-11-9081] The difference in the cSCC rates highlights an important characteristic of encorafenib illustrated here by the "paradox index". The "paradox index", introduced by Adelmann et al,[@b22-ott-11-9081] is defined as the drug concentration that leads to 80% pERK activation (EC80) divided by the drug concentration that leads to 80% mutated BRAF inhibition (IC80) in BRAF-mutant melanoma cell lines. A higher index indicates superior inhibition of BRAF V600 with lesser pERK activity. Encorafenib, dabrafenib, and vemurafenib had paradox indices of 50, 10, and 5.5, respectively.[@b22-ott-11-9081] Encorafenib's significantly greater paradox index is attributed to its extremely long dissociation time, which contributes to lower incidence of cSCC.

Development of MEK inhibitors
=============================

Understanding of the MAPK pathway in melanoma oncogenesis also led to the identification of MEK as a therapeutic target. BRAF mutations have been discussed extensively thus far, but another gain-of-function mutation identified in melanomas is NRAS. These two mutations are mutually exclusive but exert a similar downstream effect due to a common signaling pathway via the MEK-ERK cascade. Directly targeting RAS has been unsuccessful; however, downstream MEK inhibition has been shown to affect both BRAF-mutant and NRAS-mutant melanomas because MEK is the only kinase in the pathway that acts on ERK.[@b5-ott-11-9081],[@b6-ott-11-9081],[@b23-ott-11-9081] The response to MEK inhibition monotherapy has not been as robust as to BRAF inhibition; however, some clinical effects have been observed in clinical trials with trametinib and binimetinib. Trametinib (Mekinist^®^, GSK112-212; GlaxoSmithKline plc), an orally available selective inhibitor of MEK1 and 2, was one of the first developed MEK inhibitors. A Phase III randomized trial compared trametinib with chemotherapy in patients with BRAFV600E/K-mutant melanoma with an overall response of 22% in the trametinib group and 8% in the chemotherapy group (*P*=0.01). Median PFS was 4.8 months with trametinib monotherapy and 1.5 months with chemotherapy (HR 0.45, 95% CI: 0.33--0.63, *P*\<0.001). At 6 months, the rate of overall survival (OS) in the trametinib group was 81%, compared to 67% in the chemotherapy group (*P*=0.01).[@b23-ott-11-9081],[@b24-ott-11-9081]

Binimetinib
-----------

Binimetinib (Mektovi^®^, MEK162; Array BioPharma) was a subsequently developed MEK inhibitor; it is a potent, selective, non-ATP-competitive allosteric inhibitor of MEK1 and 2. It is taken orally with rapid absorption; median time of maximal absorption is 1.48 hours.[@b25-ott-11-9081] Food intake affects both concentration and time of absorption of binimetinib, as evaluated in the clinical study CMEK162A2103.[@b25-ott-11-9081] A low-fat meal increased maximum plasma concentration (C~max~) by an average of 29%, whereas a high-fat meal decreased C~max~ by an average of 17%, both compared to the fasting state. Both low- and high-fat food intake increased time to maximal absorption, however, did not affect the amount of binimetinib absorbed. Binimetinib is metabolized by several primary and secondary biotransformations; cytochrome 450 enzymes (CYP1A2 and CYP2C19) account for 17.8% of clearance via N-demethylation, whereas direct glucuronidation accounts for approximately 62.2% of clearance. 62.3% of binimetinib is excreted in feces, 31.4% in urine, and 6.5% was excreted unchanged in urine.[@b25-ott-11-9081]

A Phase I trial with binimetinib was conducted by Bendell et al in 2011 and expanded to include data on biliary and colorectal cancer patients. Doses from 30 mg to 80 mg BID were administered to patients with different cancer types, including colorectal, pancreatic, and cholangiocarcinoma. Dose-limiting toxicities occurred at doses of 80 mg BID, including acneiform rash and central serous-like retinopathy,[@b25-ott-11-9081],[@b26-ott-11-9081] which resolved with lower dosages. Frequent AEs included gastrointestinal (GI) symptoms (diarrhea and nausea), skin rashes, peripheral edema, elevated creatine kinase, and retinal disorders.[@b25-ott-11-9081] The expansion cohort was performed with a highest tolerated dose of 60 mg BID in patients with biliary cancer, but the dose was subsequently decreased for higher than expected rates of ocular toxicity, predominantly central serous-like retinopathy. Ultimately, the expansion cohort was completed with 45 mg BID. Overall, three of 91 evaluable patients in the Phase I study showed objective response to binimetinib therapy.[@b25-ott-11-9081]

Phase II trials of binimetinib were designed with three treatment arms: patients with BRAF- and NRAS-mutated tumors to receive 45 mg BID and BRAF-mutated melanoma patients to receive 60 mg BID.[@b23-ott-11-9081] The majority of patients who received 45 mg BID had been pretreated with some therapy prior to the trial. Partial response was confirmed in three patients with NRAS-mutated melanoma (10%) and in two patients with BRAF-mutated melanoma (5%). ORR was 20%, with a median PFS of 4 months.[@b23-ott-11-9081] AEs were similar to those described in Phase I trials. Grade 3 or 4 AEs occurred in four of 71 patients (5.6%). Fifteen patients (21%) discontinued treatment due to AEs and 33 patients (46%) had at least one dose reduction after the onset of adverse reaction. Phase II trials were the first to confirm that binimetinib has activity, albeit a modest effect, in NRAS-mutated melanoma.[@b23-ott-11-9081],[@b27-ott-11-9081]

The NEMO trial[@b6-ott-11-9081] is a Phase III study that studies the clinical effect of binimetinib on NRAS-mutant melanoma. Dummer et al[@b6-ott-11-9081] compared binimetinib with chemotherapy in patients with unresectable or metastatic melanoma with an NRAS mutation. Binimetinib showed superior median PFS of 2.8 months (95% CI: 2.8--3.6) compared to 1.5 months (95% CI: 1.5--1.7) with dacarbazine (HR 0.62, 95% CI: 0.47--0.80, *P*\<0.001). ORR was higher in the binimetinib arm, 15.2% (95% CI: 11.2%--20.1%) vs 6.8% (95% CI: 3.1%--12.5%); however, an interim analysis did not show significantly improved OS.[@b6-ott-11-9081],[@b27-ott-11-9081] Therefore, it is unlikely for single-agent MEK inhibitors to move any further in the treatment of NRAS-mutant melanoma.

These studies, although limited, have paved the way for new studies investigating the utility of MEK inhibition. The now established role for MEK inhibition is part of combination therapy with BRAF inhibitors. The combination of BRAF and MEK inhibitors provides a more potent and durable inhibition of the MAPK pathway, and this is considered the standard of care targeted therapy as per the National Comprehensive Cancer Network (NCCN) and European Society for Medical Oncology (ESMO) guidelines in unresectable, metastatic BRAFV600-mutant melanoma.[@b28-ott-11-9081],[@b29-ott-11-9081] Administering these medications in combination slows the development of resistance as the tumor cannot proliferate via alternate pathways.[@b11-ott-11-9081]

Combination therapy
===================

The first BRAF inhibitor and MEK inhibitor combination was dabrafenib and trametinib (D+T), which received FDA approval in 2014.[@b3-ott-11-9081] Two Phase III studies comparing D+T to dabrafenib[@b30-ott-11-9081] and vemurafenib[@b24-ott-11-9081] revealed a PFS of 11--11.4 months and an ORR of 64%--69%. The combination of vemurafenib and cobimetinib (V+C) showed comparable results: PFS 12.3 months and ORR 69.6% ([Table 1](#t1-ott-11-9081){ref-type="table"}).[@b31-ott-11-9081] No direct comparisons of combination therapy have been completed at this time. However, Daud et al performed an indirect treatment comparison of D+C to V+C using vemurafenib as the common comparator. The coBRIM (an international, multicenter, randomized Phase III trial of V+C vs V+placebo in advanced melanoma patients)[@b32-ott-11-9081] and COMBI-v (an international, multicenter, open-label, randomized Phase III trial of D+T vs V monotherapy in advanced melanoma patients)[@b24-ott-11-9081] trials both used vemurafenib in the control arm, allowing for indirect comparison of the two combination therapies. They found no significant difference between efficacy of the two combinations.[@b33-ott-11-9081] They also analyzed the safety profile for the two combinations and observed that D+T may have less toxicity than V+C. The incidence of treatment-related AEs (RR 0.92), incidence of any AE grade ≥3 (RR 0.71), and incidence of dose interruption or modification (RR 0.77) were significantly lower with D+T than V+C. The overall incidence of AEs (RR 0.98), any serious AEs (RR 0.84), or any AEs leading to death or discontinuation of therapy due to AE (RR 0.62) was not clinically significant between either combination.[@b33-ott-11-9081] Overall, V+C had higher incidence of minor AEs, whereas only chills, constipation, cough, and pyrexia occurred more frequently with D+T. Individual grade ≥3 AEs were similar between both combinations.[@b33-ott-11-9081]

Encorafenib and binimetinib combination therapy
-----------------------------------------------

The combination of encorafenib and binimetinib was approved by the FDA on June 27, 2018, for the treatment of patients with unresectable or metastatic melanoma with BRAF V600E or V600K mutation. The approval was based on the COLUMBUS trial, a two-part, randomized, open-label Phase III trial that compared encorafenib plus binimetinib to encorafenib and vemurafenib monotherapy ([Table 1](#t1-ott-11-9081){ref-type="table"}). Key inclusion criteria included age 18 years or older; locally advanced (AJCC stage IIIb, IIIC, or IV), unresectable, or metastatic melanoma with a BRAF V600E/K mutation; ECOG performance status \<2; and treatment naïve or have progressed after prior immunotherapy. Patients with untreated CNS lesions or uveal or mucosal melanoma were excluded.[@b34-ott-11-9081]

In the first part of the study, 577 patients were randomized equally into three groups to receive encorafenib 450 mg once a day (QD) and binimetinib 45 mg BID (COMBO450), encorafenib 300 mg (ENCO300) QD, or vemurafenib 960 mg BID (VEM). ENCO300 is the MTD from Phase I trials;[@b15-ott-11-9081] however, the addition of binimetinib allowed for higher dose of 450 mg without significant AEs as described subsequently.[@b34-ott-11-9081] The primary end point was median PFS, which was significantly higher in the COMBO450 and ENCO groups compared to the monotherapy group; median PFS was 14.9 months in the COMBO450 group vs 9.6 months in the ENCO group, compared to 7.3 months for VEM by blinded central review.[@b34-ott-11-9081] PFS for vemurafenib monotherapy was comparable with previous studies, as discussed previously,[@b31-ott-11-9081],[@b35-ott-11-9081] demonstrating markedly improved PFS data for encorafenib plus binimetinib. ORR confirmed by central review was 63%, 51%, and 40% for COMBO450, ENCO, and VEM, respectively, whereas duration of response was 18.6 months, 15.2 months, and 12.3 months, respectively.[@b34-ott-11-9081],[@b36-ott-11-9081],[@b37-ott-11-9081] Recently presented data at 18 months of follow-up also confirmed improved OS with COMBO450 therapy compared to VEM (33.6 months vs 16.9 months).[@b37-ott-11-9081] Dose exposure information for COMBO450 showed that \>80% of the patients were able to tolerate ≥80% relative dose intensity (RDI) of both encorafenib and binimetinib components of combination therapy. Median duration of exposure was 54.4 weeks to encorafenib 450 mg QD and 53.8 weeks to binimetinib 45 mg BID. In comparison, approximately 50% of the patients were able to tolerate ≥80% RDI of both ENCO300 and VEM over median treatment duration of 42.4 weeks for ENCO300 and 35.9 weeks for VEM.[@b36-ott-11-9081]

Higher dose exposure is likely attributed to better tolerated toxicity profile, allowing for the increased dose of treatment. In the COMBO450 cohort, grade ≥3 AEs occurred in 58% of the patients, compared to 66% and 63% in the ENCO300 and VEM groups. The median time to the first grade ≥3 AE was 2.5 months for COMBO450, 0.4 months for ENCO300, and 1.3 months for VEM. Typical BRAF inhibitor-related AEs, such as arthralgias and hyperkeratosis, were observed less frequently with the addition of an MEK inhibitor. Major AEs were primarily typical MEK inhibitor-associated AEs, such as elevated creatine kinase and ocular toxicity. These occurred less frequently than in binimetinib monotherapy. Eight percentage of the COMBO450 patients discontinued treatment due to AEs, compared to 12% and 14% in the ENCO300 and VEM groups. Patients in the COMBO450 group tolerated severe AEs for a median of 3.8 months, compared to 1.8 months for both ENCO300 and VEM.[@b36-ott-11-9081]

Evaluation of data from part 1 also demonstrated that ENCO300 alone improved PFS compared to VEM. The second part of the COLUMBUS trial[@b38-ott-11-9081] evaluated the contribution of binimetinib to combination therapy by comparing the same ENCO300 monotherapy arm to encorafenib 300 mg QD plus binimetinib 45 mg BID (COMBO300). Three hundred forty-four patients were randomized into the two groups, the ENCO300 group composed of a subset of patients continuing ENCO300 from part 1 of the study. Analysis of data by blinded central review again showed superior PFS with combination therapy, as PFS for COMBO300 was 12.9 months compared to PFS of the entire ENCO300 cohort (both parts 1 and 2 of study) of 9.2 months (with PFS of 7.4 months of only the ENCO300 patients added in part 2). By central review, ORRs were 66%, 50%, and 50% for COMBO300, ENCO300 (parts 1+2), and ENCO300 (part 2). Median duration of response was 12.7 months, 12.9 months, and 7.5 months, respectively.[@b38-ott-11-9081] These results clearly demonstrate the contribution of binimetinib to encorafenib therapy. The differences in PFS and duration of response between the entire ENCO300 cohort as compared to the subset analyzed in part 2 alone are likely due to a shorter duration of therapy in the latter subset.

As in part 1, combination therapy achieved a dramatically higher RDI. In the COMBO300 cohort, 88.7% of the patients tolerated 80%--100% RDI of encorafenib 300 mg and 82.9% RDI of binimetinib 45 mg BID over 47.6 weeks of combination therapy. Of those patients, 53.7% and 47.1% tolerated 100% RDI of encorafenib and binimetinib, respectively. ENCO300 monotherapy only achieved RDI of 80%--100% in 52.2% of the patients over a median of 43.8 weeks.[@b38-ott-11-9081] Serious AEs occurred in 29%, 33%, and 30%, respectively, in COMBO300, ENCO300 parts 1+2, and ENCO300 part 2. Twelve percentage, 13%, and 10% of the patients experienced AEs that lead to treatment discontinuation, whereas 45%, 69%, and 63% of the patients, respectively, had dose interruptions or changes. GI symptoms (nausea, diarrhea, and vomiting), arthralgia, fatigue, and elevated CK were among the most common AEs in the COMBO300 group, whereas the ENCO300 group had more prevalent skin-related conditions: arthralgia and myalgia.[@b38-ott-11-9081] Overall, the median duration of treatment with COMBO450 was 51.2 weeks and 52.1 weeks with COMBO300, and both groups had 98% incidence of AEs. COMBO450 had more severe AEs than COMBO300 at 58% compared to 47% of the patients. However, this did not lead to significant increase in discontinuation of treatment. In both groups, 13% of the patients discontinued treatment due to AEs, whereas 48% and 45% had dose interruptions or changes (COMBO450 and COMBO300, respectively).[@b38-ott-11-9081] No new safety concerns were found at 18-month follow-up.[@b37-ott-11-9081]

Clearly, binimetinib has meaningful contribution to combination therapy as there is improvement in both PFS and ORR in COMBO300 vs ENCO300. Combination therapy in both parts results in higher RDI, fewer serious AEs, and fewer AEs leading to discontinued therapy. When comparing COMBO450 and COMBO300, COMBO450 demonstrated longer PFS and duration of response. Coupled with a comparable toxicity profile, the higher dose of encorafenib in COMBO450 does not seem to increase the incidence of AEs. The higher dose of encorafenib may contribute to improved efficacy of encorafenib plus binimetinib combination therapy.[@b34-ott-11-9081],[@b36-ott-11-9081],[@b38-ott-11-9081]

Future directions
=================

At present, there is no consensus on the sequencing of available metastatic melanoma treatments with regard to BRAF-targeted therapy and immunotherapies. There are ongoing clinical trials investing the sequencing of BRAF/MEK inhibitors, how they fit in with immunotherapy, and how effective combination treatments may be.[@b39-ott-11-9081],[@b40-ott-11-9081] At present, the NCCN and ESMO guidelines support the use of anti-PD1 immunotherapy for all types of metastatic melanomas and BRAF/MEK inhibitors for BRAFV600-mutated disease.[@b28-ott-11-9081],[@b29-ott-11-9081] Furthermore, the use of BRAF-targeted therapy has also moved to the neoadjuvant and stage 3 adjuvant setting in melanoma, and encorafenib and binimetinib will likely be explored in these settings as well. While the current research is encouraging and has benefited the lives of many patients, the rate of acquired resistance remains a concern with BRAF-targeted therapy. However, similar to immunotherapy, durable responses and long-lasting benefits are certainly possible with targeted therapy, supported by a recently published 5-year follow-up[@b41-ott-11-9081] of a Phase II trial[@b42-ott-11-9081] with the findings of a 5-year OS of 28% and a PFS of 14% in patients treated with D+T.

Conclusion
==========

Given its high response rate, impressive PFS, and favorable toxicity profile, encorafenib and binimetinib will likely become a very frequently used BRAF/MEK inhibitor therapy. The pharmacokinetics of encorafenib renders it unique from the other BRAF inhibitors with a notable PFS and ORR and delayed onset of resistance, although of course there are no trials that directly compare encorafenib and binimetinib to the other two BRAF/MEK inhibitor combinations. Currently ongoing clinical trials and studies are evaluating the wealth of knowledge gained from understanding BRAF and MEK inhibition and their role in the treatment of melanoma. A new third generation of "paradox breaker" BRAF inhibitors[@b43-ott-11-9081] such as PLX7904 (preclinical; BioVision Inc, San Francisco, CA, USA) and PLX8394[@b44-ott-11-9081] (NCT02428712; Plexxikon) that escape the cycle of acquired resistance are under investigation. The role of encorafenib and binimetinib in combination with other new classes of medications is currently under investigation. There is particular interest in combination with immunotherapeutics, such as the SECOMBIT trial[@b45-ott-11-9081] (NCT02631447), investigating the appropriate therapeutic sequencing of the anti-CTLA4 antibody ipilimumab (Yervoy^®^, L01XC11; Bristol-Myers Squibb, New York City, NY, USA) and encorafenib/binimetinib. Another study, the IMMU-TARGET trial[@b46-ott-11-9081] (NCT02902042), is investigating the combination of encorafenib/binimetinib with another immunotherapeutic, the anti-PD1 antibody pembrolizumab (Keytruda^®^, L01XC18; Merck & Co., Inc., Whitehouse Station, NJ, USA). Finally, the LOGIC-2 trial[@b47-ott-11-9081] (NCT02159066) has been ongoing, which is investigating the combination of encorafenib and binimetinib with other classes of medications not yet applied to melanoma treatment, such as CDK4/6, FGFR, c-Met, and PI3K inhibitors. While the results of these studies may allow for further elucidation of optimal treatments for patients with melanoma, it is undeniable that the FDA approval of nine new drugs for metastatic melanoma since 2011 has significantly changed the landscape of available treatments for these patients who previously had minimal treatment options.
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Comparison of clinical trials studying BRAF/MEK inhibitors

  Trial                                                                     Drug                                 Median PFS (months)   Median OS (months)                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Adverse effects
  ------------------------------------------------------------------------- ------------------------------------ --------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  BRIM3[@b10-ott-11-9081]                                                   Vemurafenib                          5.3                   13.6                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Most common: cutaneous events (photosensitivity, blistering), arthralgia, and fatigue Major: arthralgia, rash, fatigue, cutaneous squamous-cell carcinoma, keratoacanthoma, nausea, pruritis, hyperkeratosis, diarrhea, headache, vomiting, and neutropenia
  BREAK-3[@b12-ott-11-9081]                                                 Dabrafenib                           5.1                   20                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Most common: cutaneous events (hyperkeratosis, papillomas, PPED), pyrexia, fatigue, headache, and arthralgia Major: hyperkeratosis, PPED, cSCC, keratoacanthoma, nausea, vomiting, neutropenia, and thrombocytopenia
  METRIC[@b44-ott-11-9081]                                                  Trametinib                           4.8                   N/A                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Most common: rash (papulopustular), diarrhea, peripheral edema, fatigue, and dermatitis acneiform Major: rash, fatigue, peripheral edema, acneiform dermatitis, nausea, alopecia, hypertension, constipation, central serous retinopathy, and retinal vein occlusion
  COMBI-d[@b35-ott-11-9081]                                                 Dabrafenib                           8.8                   18.7                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Most common: hyperkeratosis, fatigue, PPED, alopecia, pyrexia, arthralgia Major: pyrexia, chills, fatigue, rash, nausea, diarrhea, vomiting, hyperkeratosis, and PPED
  Dabrafenib + trametinib                                                   11                                   25.1                  Most common: pyrexia, chills, fatigue, rash, and nausea Fewer cSCC, hyperkeratosis, skin papillomas, alopecia, and PPED Pyrexia more common Major: pyrexia, fatigue, diarrhea, arthralgia, vomiting, peripheral edema, and PPED                                                                                                                                                                                                                                                    
  COMBI-v[@b24-ott-11-9081]                                                 Vemurafenib                          7.3                   18                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Most common: arthralgia, rash, alopecia, diarrhea, nausea, and fatigue Major: pyrexia, nausea, diarrhea, vomiting, arthralgia, rash, alopecia, PPED, hyperkeratosis, skin papilloma, and photosensitivity
  Dabrafenib + trametinib                                                   11.4                                 25.6                  Most common: pyrexia, nausea, diarrhea, chills, fatigue, headache, and vomiting Pyrexia more common Fewer rash, photosensitivity, PPED, skin papillomas, cSCC, keratoacanthoma, and hyperkeratosis Major: pyrexia, nausea, diarrhea, chills, vomiting, arthralgia, and rash                                                                                                                                                                                                        
  coBRIM[@b31-ott-11-9081]                                                  Vemurafenib                          7.2                   17.4                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Most common: rash, arthralgia, diarrhea, fatigue, alopecia, hyperkeratosis, nausea, pyrexia, decreased appetite, photosensitivity, and serous retinopathy Major: rash, arthralgia, diarrhea, fatigue, alopecia, hyperkeratosis, nausea, decreased appetite, and vomiting
                                                                            Vemurafenib + cobimetinib            12.3                  22.3                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Most common: rash, diarrhea, nausea, arthralgia, fatigue, photosensitivity, pyrexia, vomiting, serous retinopathy, alopecia, and hyperkeratosis Fewer cSCC, keratoacanthoma, and Bowen's disease Photosensitivity more common Serous retinopathy, decreased LVEF, and increased CPK level
  COLUMBUS part 1[@b34-ott-11-9081],[@b36-ott-11-9081],[@b37-ott-11-9081]   Vemurafenib                          7.3                   16.9                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Major: arthralgia
  Encorafenib                                                               9.6                                  N/A                   Major: PPED, myalgia, arthralgia, vomiting, nausea                                                                                                                                                                                                                                                                                                                                                                                                                                 
  Encorafenib + binimetinib                                                 14.9                                 33.6                  More common: GI (diarrhea, constipation, vomiting, abdominal pain), asymptomatic CPK increase, and blurred vision Less common: skin toxicity (pruritis, hyperkeratosis, rash, keratosis pilaris, palmoplantar keratoderma, PPED, dry skin, skin papilloma, maculopapular rash, and sunburn), alopecia, photosensitivity, arthralgia, myalgia, extremity pain, decreased appetite, musculoskeletal pain, and decreased weight Major: elevated GGT, elevated CPK, HTN, and pyrexia   
  COLUMBUS part 2[@b38-ott-11-9081]                                         Encorafenib (Encorafenib part 1+2)   7.4 9.2               N/A                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
  Encorafenib + binimetinib                                                 12.9                                 N/A                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

**Abbreviations:** cSCC, cutaneous squamous cell carcinoma; GI, gastrointestinal; OS, overall survival; PPED, palmar-plantar erythrodysesthesia; LVEF, left ventricular ejection fraction; CPK, creatine phosphokinase; N/A, not applicable.
